The synthesis and photophysical properties of 1 and 2, two Ru(II)-polypyridyl based-1,8-naphthalimide Tro¨ger's bases, are described; these were found to stabilize double stranded DNA, undergo rapid cellular uptake, displaying good luminescence without affecting cell viability even after 24 hours of incubation.
1
This is a unique structural unit possessing a C 2 axis of symmetry, as well as being chiral due to two bridgehead stereogenic nitrogen atoms. Formed as a racemic mixture, it is highly strained, where the two aryl groups are close to being orthogonal to each other. 2, 3 Because of this, Tro¨ger's bases have a 'cleft-like' 4 structure, which have found their use in supramolecular chemistry; [4] [5] [6] where they have been employed as a structural scaffold for the formation of metallo-cages, 7 -heterochiral rhombs, 8 -aggregates, 9 -organic-frameworks (MOFS) 10 and -helicates. 11 They have also been used as building blocks in molecular tweezers, 12 calixarenes, 13 and various other rigid scaffolds. 14 Tro¨ger's bases have also been used in the development of novel luminescent materials, 15 and for probing DNA structure, as we 16 23 which absorb and emit within the visible regions, and we have shown that these can be conjugated as antennae to Ru(II)polypyridyl complexes.
19d Herein we present the synthesis and photophysical, cellular uptake and toxicity studies of two novel bis-Ru(III)(bpy) 3 Tro¨ger's bases, 1 and 2, Scheme 1, derived from the 4-amino-1,8-naphthalimides 3 and 4, and we demonstrate their application as MLCT luminescent cellular imaging agents. 19a,21,22 The synthesis of 1 and 2 was achieved in two steps from 3 and 4, respectively, in an identical manner (the synthesis of 4 has previously been reported by us 19d ) and 3 was formed similarly (see ESIw). After reacting 3 with 1.5 equivalents of formaldehyde in neat TFA for 12 hours at room temperature, the reaction mixture was treated with 6 M NaOH solution, which resulted in the formation of a yellow precipitate. This solid was further purified by precipitation from DMSO solution upon addition of MeOH, giving Tro¨ger's base 5 in 68% yield as a racemic mixture. In an identical manner, the reaction of 4 gave 6 in 70% yield. Both compounds were fully characterised (see full detail in ESIw). The reaction of 5 with Ru(bpy) 2 Cl 2 , in a mixture of DMF/H 2 O (50 : 50) at 140 1C, using a microwave-assisted synthesis, for 40 minutes, resulted in the formation of an orange coloured solution, from which the PF 6 salt of 1 was isolated by precipitation from H 2 O using NH 4 PF 6 . Recrystallization by diethyl-ether diffusion into a CH 3 CN solution gave 1 as a deep-red solid in 68%, while 2 was formed in 63% yield using an identical procedure. Both complexes were characterised using conventional methods (see ESIw).
Being synthesised as their chloride salts (stirring in Amberlite Cl-form), both 1 and 2 were fully water-soluble, and as such all photophysical analyses were carried out in pH 7.4 (phosphate) buffered solutions (the photophysical analyses of the precursors 5 and 6 were carried out in CH 2 Cl 2 , see ESIw for full details). The UV-Vis absorption spectrum of 1 is shown in Fig. 1 , being similar to 2 (ESIw), consisting of two bands at 240 nm and 290 nm while the absorption region between 350 nm and 500 nm is composed of a single broad absorption band composed of maxima at 350 nm, 400 nm, 430 nm and 460 nm. The bands at 240 nm and 290 nm are characteristic of p-p* intra-ligand transitions within the bipyridine ligands while the less intense bands between 350 nm and 500 nm are attributed to the combination of ICT transitions within the naphthalimide portion of 1 and 2, and the MLCT transitions associated with the Ru(II) centres at 430 nm and 460 nm. Excitation into all of the aforementioned absorption bands of 1 and 2 resulted in the appearance of 3 MLCT based emission centred at ca. 615 nm; the absence of any 1,8-naphthalimide associated emission suggesting that sensitisation of the MLCT excited state occurs through some mixing of low-lying isoenergetic triplet states, 3 MLCT and 3 Nap, as described by Castellano et al. 24 as the ICT emission centred at 505 nm overlaps with the 1 MLCT absorption of the Ru(II) centre. Similarly, the fluorescence quantum yields measured for 1 and 2 were found to be identical with F MLCT = 0.015 (AE10%) but significantly lower than that measured for the parent [Ru(bpy) 3 ] 2+ (F MLCT = 0.028) again suggesting an interaction between the 1,8-naphthalimide and the 3 MLCT triplet state of the Ru(II) centres. Excited state lifetime measurements (t em ) were also obtained in with t em = 187 ns and 174 ns for 1 and 2, respectively; indicating similar photophysical behaviour.
As has been observed in the study reported by Veale et al. 16 significant modulations of the photophysical characteristics of Tro¨ger's base analogues have been observed upon interaction with DNA suggesting a strong binding affinity of these structures for the DNA biomolecule. With the inclusion of the cationic Ru(II) polypyridyl centres we envisaged that both 1 and 2 may also bind to DNA and as such, UV/Vis absorption and emission spectroscopy titrations with stDNA were initially carried out to probe this interaction. Surprisingly, only minor changes were observed, where in the UV/Vis absorption spectra of 1, a small red shift coupled with 8% hypochromism at 400 nm and 6% hypochromism at 460 nm was observed for P/D 0 -50 (see ESIw). For 2 a slightly larger change of 13% hypochromism at 400 nm, and 10% hypochromism at 460 nm was observed (see ESIw). Similarly, the effect on the luminescence intensity upon the addition of stDNA to solutions of 1 and 2 over the same range (P/D 0 -50) was minor (see ESIw). In contrast the Ru(II)(bpy) 3 complex of 4 gave rise to large changes in their absorption and the emission spectra. This clearly demonstrates that the Tro¨ger's base moiety in 1 and 2 had significant effect on the ability of these structures to bind to DNA in a classical groove or intercalation fashion. Due to these relatively small spectral changes observed above, we were unable to determine the binding constants from these interactions accurately. Nevertheless, DNA denaturation (T m ) studies using 1 and 2 clearly showed significant changes in the melting behaviour of stDNA in the presence of both, see Fig. 2 for P/D = 10. Hence, while the binding of 1 and 2 to DNA did not result in any major alternation in their photophysical properties, both were able to stabilize the helical structure of DNA to a large degree. Importantly, for both P/D ratios, 1 was observed to give rise to greater stabilisation over that seen for 2, cf. Fig. 2 (and ESIw). This is most likely due to the structural difference between the two systems, where orientation of the two Ru(II) centres is with respect to the Tro¨ger's base framework. In order to probe this interaction more thoroughly and to evaluate the role of electrostatic interactions in the binding of 1 and 2 to DNA, T m studies were also undertaken at varying concentrations of NaCl (25 mM and 50 mM). In the absence of 1 and 2, the T m for stDNA was determined as 76 1C in the presence of 25 mM NaCl; but this value was increased significantly in the presence of 1 and 2, where the melting transition, once more, had not fully completed at 90 1C for 1 (see ESIw). Similar results were observed for 1, at 50 mM NaCl, while T m for 2 was shifted to 82 1C. It is clear from these results that the interaction of 1 and 2 with DNA is highly dependent on the ionic strength of the medium, and although these interactions play a major role in the binding process, it appears that there are other factors affecting the association of these complexes with DNA.
Because of the minor changes observed in the photophysical properties of 1 and 2 upon binding to DNA, their potential to act as luminescent cellular probes were next evaluated. Populations of live HeLa cervical cancer cells (1 Â 10 5 ) were incubated Fig. 1 The UV/Visible absorption, excitation and emission spectra of 1 in 10 mM phosphate buffer at pH 7.4. Inset: The UV/Vis absorption region between 300 nm and 600 nm. with 1 and 2 (10 mM) at 37 1C for 2, 4, 8 and 24 hours' time points before being treated with the fluorescent nuclear stain DAPI and viewed using a confocal fluorescence scanning microscope. Fig. 3 shows representative microscopy pictures after incubation with 1 and 2 at various time points. Both complexes, being red emitting, were highly fluorescent upon excitation at 488, and are clearly visible within the cells even after 2 hours of treatment. Imaging of cells treated with either 1 or 2 for 4, 8 and 24 hours demonstrates complete uptake within 4 hours (see ESIw). The images showed that both compounds localise mainly within the cytoplasm or to the edge of the nucleus with some cells exhibiting fluorescence from within the cell nucleus. Testing with a large range of concentrations (0.5 -15 mM) of 1 and 2 in HeLa cells, the alamar blue viability assay demonstrated no concentration dependent effects on cell viability including no cytotoxic or proliferative effects on the cells (see ESIw). Moreover, EC 50 values could not be determined for either of these complexes. Hence, 1 and 2 exhibit good behaviour as cellular imaging agents, the application of which we are currently investigating in greater detail. However, compound 1 was shown to give rise to some membrane blebbing (see ESIw) in comparison to 2, hence we are currently focusing our efforts on studying 1 as an imaging and potential therapeutic agent.
In summary we have developed novel bis-Ru(II)(bpy) 3 Tro¨ger's bases 1 and 2, which have been found to bind to DNA and undergo rapid cellular uptake, being internalised after just 2 hours and highly fluorescent while displaying no effects on cellular viability.
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